Introduction
Bimetallic nanoparticles ("nanoalloys") 1 have received considerable attention for their unique properties, which are different from those of pure clusters 2,3 especially in the domain of nanocatalysis. [4] [5] [6] [7] [8] [9] Gold-palladium (AuPd) nanoparticles are one of the most attractive systems because of their promising activity in catalysis. 10 This superior performance has been widely attributed to electronic and/or geometric effects. 11, 12 Previous experimental studies have emphasized that it is possible to design various congurations of the same catalyst (i.e. alloy structure, 13 Pd core Au shell , 14 Au core Pd shell 15 or even 3 layer onion-like AuPd nanoparticles 16 ) whereas theoretical studies 17 have emphasized that a Pd core Au shell structure is favoured. From a theoretical point of view, empirical potentials (EP) have been widely employed for the determination of the structural and energetic congurations of nanoclusters in order to overcome the computational limitations imposed by more computationally expensive rst principles approaches. The EP are suitable and versatile for modelling noble and quasi-noble metals. However, as it is known that important modications can be introduced by electronic effects, 18 it is important to verify the predictions of the EP using rst principles calculations. Density Functional Theory (DFT) is one of the most accurate methods for describing such effects. We have previously reported 19 that a systematic search of the global minimum (GM) for 50-atom PdAu clusters is highly demanding for high level calculations because of the computational limitations in exploring vast areas of the congurational space. In the case of bimetallic clusters, it is generally accepted 20,21 that the search is even more difficult due to the existence of homotops (isomers related by swapping the positions of one or more heterometallic pairs). In the present study, a hybrid approach has been adopted, based on a genetic algorithm (GA) for structural searching and Basin-Hopping Monte Carlo homotop searching 22 at the EP level, followed by DFT local relaxation, to perform a thorough search of the congurational space for 98 atom AuPd nanoclusters. Three different parameterisations of the Gupta manybody empirical potential have been investigated and DFT local relaxations are performed for the putative global minimum (GM) structures identied for all parameter sets. Fig. 1 shows a series of typical experimental images of AuPd nanoparticles obtained with a 200 kV Aberration-Corrected JEOL JEM2100F Scanning Transmission Electron Microscope (STEM) equipped with a High Angle Annular Dark Field (HAADF) detector. The images show AuPd nanoparticles deposited via physical vapour deposition onto amorphous carbon substrate and subsequently annealed in situ for 2 hours at 473 K. It can be seen that, for the same sample, a variety of sizes (from 1 to $3 nm) and morphologies can be encountered, with chemical ordering ranging from alloy to Janus nanoparticles. However, although DFT calculations are limited to smaller sizes, these studies can be considered important starting points in understanding the metal-metal interactions in larger nanoparticles.
Computational details
The rst step of this study involves the use of an empirical atomistic potential to allow a rapid search for the lowest energy isomers in congurational space. The Gupta potential has been used in order to model the interatomic interactions, with parameters chosen as described by Cleri and Rosato 23 and Ismail and Johnston. 24 The Gupta potential is based on the second moment approximation to tight-binding theory. The congurational energy of a cluster is written as the sum over all atoms of the many body attractive (V m ) and pair repulsive (V r ) energy components:
where V r (i) and V m (i) are dened as: 
In eqn (1)-(3), the parameters a and b represent the atomic species of atoms i and j. Parameters A, r 0 , x, p and q are usually tted to the experimental values of the cohesive energy, lattice parameters and independent elastic constants for the reference crystal structure of pure metals and bulk alloys at 0 K. The values of the Gupta potential parameters describing the Pd-Pd, Pd-Au and Au-Au interactions are described in Table 1 and are taken from ref. 23 and 24. Here, the three sets of parameters are described as: (a) 'Average': the heteronuclear Pd-Au parameters are obtained by averaging the pure Pd-Pd and Au-Au parameters; (b) 'Exp-t': the Pd-Pd, Au-Au and Pd-Au parameters are tted to the experimental properties of bulk Pd, Au and features of the bulk Pd-Au phase diagrams; (c) 'DFT-t': the homo-and heteronuclear parameters were tted to DFT calculations of solid phases. 19 Global structural optimization has been performed using a GA, as encoded in the Birmingham Cluster Genetic Algorithm (BCGA) program. 26 The GA parameters are: population size ¼ 40; crossover rate ¼ 0.8 (i.e. 32 offspring are produced per generation); crossover type ¼ 1-point weighted (the splice position is calculated based on the tness values of the parents); selection ¼ roulette wheel; mutation rate ¼ 0.1; mutation type ¼ mutate_move; number of generations ¼ 400; the number of GA runs for each composition is 100. This high number of GA runs is necessary due to the relatively large size of clusters and the presence of homotops.
For selected compositions, homotop optimization has been performed using the Basin Hopping Monte Carlo algorithm 30, 31 allowing only Pd-Au atom exchange moves, 31-33 for a xed structural conguration and composition. Typically, for each size and composition, a search of 50 000 steps at k B T ¼ 0.05 eV has been performed, followed by a nal renement of 20 000 steps at k B T ¼ 0.01 eV.
The 98-atom Leary Tetrahedron (LT) cluster is of interest as it has been discovered by Leary and Doye as the GM for the 98atom Lennard-Jones cluster (LJ 98 ). 35 Furthermore, this structure has also been proposed as the lowest in energy for 98-atom silver clusters, described by the Sutton-Chen (SC) potential and for an aggregate of C 60 molecules. 36 Paz-Borbon et al. have established that the LT is the preferred structure over a wide compositional range for 98-atom Pd-Pt clusters at the Gupta potential level. 22 A shell optimization program has been used to generate all possible high symmetry Leary Tetrahedron (LT) isomers, in order to assess how stable this structure is for 98atom AuPd clusters. A substantial reduction in the search space is obtained if all sets of symmetry-equivalent atoms (i.e. 'atomic shells' or orbits of the T d point group) in the LT structure are constrained to be of the same chemical species. 34 This reduces the number of inequivalent compositional and permutational isomers (homotops) to 2 S where S is the total number of atomic shells. The 98-atom LT has S ¼ 9 shells (in order of increasing distance from the centre of the clusters these shells contain 4 : 12 : 12 : 12 : 4 : 6 : 12 : 12 : 24 atoms) resulting in a total of 2 9 ¼ 512 LT isomers. 22 DFT calculations were carried out using the Plane Wave Self Consistent Field (PWscf) code in Quantum Espresso (QE). 27 Calculations were made using the Perdew-Burke-Ernzerhof (PBE) 28 exchange-correlation functional and ultraso pseudopotentials. Following convergence and accuracy tests, the following parameters have been selected: values of 40 and 160 Ry (1Ry ¼ 13.606 eV) were used as the energy cut-off for the selection of the plane-wave basis set for the description of the wave function and the electron density respectively. Eigenvalues and eigenstates of the Kohn-Sham Hamiltonian have been calculated at the Gamma point only of a cubic cell of side of approximately 20Å, applying a Gaussian smearing technique with a broadening of the one-particle levels of 0.03 eV. The DFT local relaxations were performed by fully relaxing the coordinates of the metal atoms until the forces were smaller than 0.1 eVÅ À1 .
Energetic analysis
The potential energy of a cluster calculated at the Gupta level, V clus , can be written as:
where N is the total number of atoms in the cluster and E Gupta b is the binding energy per atom of the cluster. For a xed size of bimetallic clusters, the excess energy (mixing energy), D Gupta N calculated at the empirical level is a useful quantity, described as in eqn (5). 25
here, E Gupta N (Pd m Au n ) represents the total energy of a given cluster calculated at the Gupta level and E Gupta N (Pd m ) and E Gupta N (Au n ) represent the total energies of the GM of the pure metal clusters.
The excess energy quanties the energy of mixing (the energy associated with alloying) between two different metals. The most negative values of the excess energy indicate the presence of compositions for which mixing between the two metals is most favourable 18, 29 and thus more stable clusters. At the DFT level, the calculated total potential energy of a cluster is E clus and the total energy of a single atom is E atom (corresponding to the atom type present in the cluster, Pd or Au). The average binding energy of a pure N-atom cluster is:
The average binding energy of a bimetallic cluster is then given by:
where m, n, E Pd atom and E Au atom are the numbers of Pd and Au atoms in the cluster and the energies of a single atom of Pd and Au respectively. N ¼ m + n represents the total number of atoms in a given cluster.
Results and discussions
The energetics of the 98-atom AuPd clusters have been investigated using a combination of BCGA and Basin Hopping Monte Carlo (BHMC) approaches for all the three Gupta potentials. First, the potential energy surface (PES) has been investigated using a GA search for all compositions, Pd m Au 98Àm ; then the BHMC approach has been employed in order to optimize the chemical ordering corresponding to the structures located around the minima of the excess energy curves.
Gupta potential with DFT-t parameters
In Fig. 2 , the DFT-t potential excess energy curve is shown in blue. The lowest values of the excess energy have been found in the compositional range Pd 39 Au 59 -Pd 59 Au 39 , indicating that these are relatively stable structures. The vast majority of compositions in the range Pd 34 Au 54 -Pd 74 Au 42 are Marks Decahedron (M-Dh) structures (see Fig. 3 at Pd 98 ). Several other structural families such as Ino Decahedron (Ino-Dh) (e.g. Pd 2 Au 96 , Pd 14 Au 84 ), incomplete icosahedron (In-Ico) (e.g. Pd 21 Au 77 ), FCC (e.g. Pd 1 Au 97 ) and FCC-HCP (e.g. Pd 93 Au 5 and Au 98 ) with geometries exemplied in Fig. 3 can also be identi-ed. The Ino-Dh clusters have been also reported for 98-atom Ni clusters modelled by the Sutton-Chen potential. 35 Other structures identied as a function of composition are described in detail in ESI S1. †
Gupta potential with Exp-t parameters
The Exp-t excess energy curve is shown in red in Fig. 2 . For this choice of potential, in terms of structural variety, a structural 37 Au 61 with an FCC-HCP structure (see ESI S2 †). The Au 98 cluster has an FCC-HCP structure, whereas Pd 98 is FCC-like. These structures are shown in Fig. 3 along with other interesting motifs.
Gupta potential with Average parameters
The excess energy for the Average potential is plotted in Fig. 2 (green curve). Compared with the other two potentials, the values of the excess energies are noticeably less negative and the shape of the curve is quite different. The minimum excess energy is found for Pd 32 Au 66 . This is an interesting structure, as the 32 Pd atoms sit in the centre of an In-Ico conguration, surrounded by a shell of Au atoms (Fig. 3) . Also (see ESI S3 †), we notice that Dh structures are predominantly encountered for Pd-rich compositions and there is a general trend of a transition to In-Ico and Dh clusters for Au-rich compositions. From a structural point of view, the pure Au 98 cluster has a low symmetry Dh structure, whereas Pd 98 has a M-Dh structure. As we increase the concentration of Au, the Au atoms tend to occupy surface sites forming patches distributed over the cluster surface. Another interesting cluster is Pd 62 Au 36 which has a structure based on a fragment of the Leary Tetrahedron (Fig. 3) .
It is interesting to note that both DFT-t and Exp-t Gupta potentials offered a larger degree of mixing between Pd and Au, than for the Average Gupta potential. This is conrmed by the quantication of the homonuclear and heteronuclear bonds, as shown in ESI S4. † As shown in Table 1 , the Exp-t potential has a pair (repulsive) energy scaling parameter (A) that is larger for Pd-Au than for either Pd-Pd or Au-Au. This has been shown to favour layer segregation in PdPt structures, in the paper of Massen et al. 37 However, this potential also has a larger value of the many-body energy scaling parameter, x, which is greatest for Pd-Au, favouring heteronuclear mixing. 19 The value of the x parameter will eventually dominate overall, so the tted potentials should favour more Pd-Au mixing.
Leary Tetrahedron (LT) clusters
Based on previous studies, the LT structure is difficult to nd using the GA programin the case of PdPt clusters, it is typically found about 1% of the time. 25 This is probably due to the existence of a narrower but deeper potential energy basin for the LT structures. The shell program constraints the structure to be LT (and in particular the high symmetry isomers and homotops) such that if the shell program nds (for a given composition) a LT isomer lower in energy than the structure found by the GA it shows that the GA obviously has not found the true GM. Possibly there could be a lower structure stillor even a lower symmetry LTby exchanging positions of unlike atoms. This possibility has been tested using the BHMC technique, with exchange-only moves, as carried out for 98-atom Pd-Pt clusters. 25 The excess energy of LT clusters with respect to LT Au 98 and Pd 98 clusters are plotted in Fig. 4 as a function of Pd content for all three Gupta potentials. Aer optimization of the chemical ordering, the energies of the LT clusters are in close competition with those of other structural motifs; for example, when using the Average potential, the LT is found to be the lowest energy motif over a broad range, around the 50%/50% composition. Analysis of the LT structures with the lowest excess energies reveal that they possess segregated Pd core Au shell chemical ordering. Segregation of Au atoms to the surface can be rationalized in terms of the lower surface energy and cohesive energy of Au. The smaller atomic radius of Pd also favours Pd occupation of core sites. 25, 38 DFT relaxation calculations and study of competition between different structural families GM structures found at the EP level for compositions Pd 46 Au 52 -Pd 52 Au 46 (i.e. in the region of the minima in the excess energy curves) were relaxed at the DFT level before the optimization of the chemical ordering with the BHMC code. The variation of excess energies as a function of number of Pd atoms, calculated at the DFT level (D DFT 98 ), is shown in Fig. 5 .
In contrast to the plots of D Gupta 98 shown in Fig. 2 , which are quite smooth, the D DFT 98 plots are rather jagged, especially for the isomers produced by the DFT-t and Exp-t potentials. Fig. 5 , shows that the Average potential leads to more negative excess energies at the DFT level for nearly all compositions compared to the DFT-t and Exp-t isomers (the exceptions are Pd 46 Au 52 , for which the DFT-t isomer is lower, and Pd 51 Au 47 , for which the Exp-t isomer is lower). As mentioned above, the Average potential stabilises Pd core Au shell homotops in contrast to the DFT-t and Exp-t, which prefer more mixed congurations. This is supported by the quantication of the homonuclear and heteronuclear bonds, as shown in ESI S4, † as well as the isomers shown in ESI S5. † It seem therefore that the Exp-t and DFT-t potentials overestimate the stability of mixed isomers relative to DFT calculations. Fig. 6a -c shows the excess energies aer optimization of chemical ordering for each of the three Gupta potentials, starting from the lowest-energy homotops of each structural motif found in the GA runs (FCC-HCP, M-Dh, In-Ico and LT). For compositions for which these structural motifs have not been found by GA and BH, these have been constructed, and subsequently subjected to BH atom-exchange in order to optimize the chemical ordering.
We have then performed DFT local relaxations on the optimized homotops obtained with the Average potential, with the DFT excess energies shown in Fig. 6d . This is justied because the Average potential was earlier shown to yield homotops with the lowest excess energy values aer relaxation at the DFT level (Fig. 5) .
In Fig. 6a and b it is interesting to note that, at the EP level, for the DFT-t and Exp-t potentials there is a close competition between the FCC-HCP and M-Dh motifs, which are signicantly lower in energy than the LT motif by approximately 0.3 eV. The order is reversed for the Average potential (Fig. 6c ), for which the LT isomers are competitive with M-Dh but are much lower in energy by 0.3 eV or more than FCC-HCP. All three potentials agree in predicting the In-Ico to lie higher in energy than the other three motifs (apart from the Exp-t potential which nds In-Ico < LT for the composition Pd 52 Au 46 ).
As shown in Fig. 6d , DFT relaxation of the structural motifs optimized for the Average potential (see also ESI S5 †) leads to a change in the stability order, with the lowest excess energies now belonging (as for the DFT-t and Exp-t potentials) to the FCC-HCP and M-Dh motifs. It is clear that the LT is destabilised at the DFT level compared to the FCC-HCP and M-Dh structures, though it still lies considerably lower in energy than the In-Ico structures and is almost degenerate with the M-Dh (and lower than FCC-HCP) for Pd 46 Au 52 . This theoretical prediction can be directly linked to our experimental study of evaporated AuPd nanoparticles ( Fig. 1) , where structural motifs such as FCC are oen encountered, whereas LT structures have not yet been observed for AuPd nanoparticles.
Conclusions
Three parameter sets (DFT-t, Exp-t and Average) have been compared for the Gupta potential in order to study the structures and energetics of 98-atom PdAu nanoclusters. An extensive search of the congurational space has been performed using a genetic algorithm in order to identify the global minimum for all three potentials, at the empirical potential level. It was found that the DFT-t and Exp-t potentials favour a higher degree of Pd-Au mixing compared to the Average potential, which favours core-shell congurationswhich are in better agreement with DFT calculations. A shell optimization program has been employed to generate Leary Tetrahedron structures, which were found to be the most stable motif for the Average potential. However, Basin Hopping Monte Carlo optimization of the homotops of a number of low-energy structures, followed by DFT relaxation, reveal that the FCC-HCP and Marks Decahedron structural motifs are lower in energy than Leary Tetrahedron and Icosahedron structures. These observations seem to be consistent with our experimental study of evaporated AuPd nanoparticles.
